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HIGHLIGHTS

Time dynamics of geoelectrical signals could be linked with deformation processes.
Three sites in Taiwan with different amounts of crustal deformation are investigated.
The three sites are discriminated by using the Fisher-Shannon method.

The differential strain intensity is correlated with the Fisher-Shannon quantities.
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almost perpendicular direction to the orogenic collision zone where each site experiences
different amounts of crustal deformation. Our findings point out to a clear discrimination

g?:) Vevloe rctitsr;cal signals of the three sites on the basis of the informational properties of the recorded geoelectrical
Taiwan signals. In particular a relationship is found between the differential strain intensity of the
Deformation sites where the geoelectrical stations are located and the Fisher-Shannon quantities.

Fisher information measure © 2014 Elsevier B.V. All rights reserved.

Shannon entropy

1. Introduction

The plate configuration near Taiwan is characterized by the oblique convergence of two plates, namely the Philippines
Sea Plate (PSP) and the Eurasian Plate (EUP) at a rate of 8 cm/year in a direction of N310E [1] (Fig. 1). The Taiwan orogeny is
the direct consequence of this convergence expressed by the collision of the Luzon volcanic arc in the PSP and the Chinese
continental margin in the EUP which began 3-6 Ma [2-4]. This collision results in high crustal deformation and seismicity
rates which are most intense along the eastern part of the island and progressively dissipate once one moves towards the
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Fig. 1. Map of geoelectrical stations with strain rate field of Taiwan from GPS data between 1993 and 1999 (after Hsu 2009).

west. Present day deformation in Taiwan has been studied using both campaign and continuous GPS data augmented by
geological observations [1,5-7] leading to a relatively detailed mapping of the stress/strain field.

Geoelectrical prospecting has long been used in geophysics for tectonic (e.g., faults) and environmental (e.g., in mapping
waste disposal areas) applications by means of locating structures that exhibit anomalous electrical conductivities [8-10]. A
more controversial application is the identification of anomalous patterns in geoelectrical signals prior to the occurrence of
large earthquakes [48,11-19]. These patterns are thought to result from the deformation of the rock during the nucleation
stage of the earthquake [45,20,21], thus it has been argued that they could be used as a short-term precursor [22-28]. If
these short-term deformation variations are indeed reflected in the properties of geoelectrical signals, then this poses the
question of whether longer term deformation variations have any influence on their properties as well.

Vallianatos and Tzanis [48] already investigated the proportionality between the electric field and the deformation rate.
Our study extends such idea by elucidating the informational properties of geoelectrical signals recorded for a period of six
months at three sites that span the deformation front of the Taiwan orogeny (Fig. 1). First, we give an overview of the data
recording and their spectral characteristics. Then we proceed with the application of two methodologies, namely the Fisher
Information Measure (FIM) and the Shannon Entropy that can provide information about the degree of order in observational
data. Finally, the results along with the discussion follow.

2. Data

We measured the continuous self-potential (SP) data with 15 Hz sampling rate and GPS time correction at three sites
across northern Taiwan from May to November 2012 (Fig. 1). These sites form a profile along a NW-SE direction where the
crustal deformation varies in intensity and gradually switches from extensional in the area of the Ilan plain to compressional
along the NW coastal plain of Taiwan [7]. The SP measurements at each site were the potential difference of two dipoles in
North-South and East-West directions with length 1.89 and 3.57 km in Kuoling (Coastal Plain), 4.29 and 1.83 km in Hualing
(Central Range), and 0.99 and 1.93 km in Nanau (south of Ilan plain). The daily fluctuations of NS and WE direction at Kuoling
were 11.4 and 20.7, at Hualing were 147.3, 121.5 and Nanau were 30.5 and 43.1 mV/km. Those non-polarized electrodes
(Pb/PbCl,) were buried at 1 m depth and connected with the local telephone cable to each recording office. Then, the SP
signals were converted to electric field and the minute averages were calculated (Fig. 2). In order to study the frequency
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Fig. 2. Original data measured at Hualing (a, b), Nanau (c, d) and Kuoling (e, f) stations. The data are electric field measured in north-south (NS) and
east-west (EW) directions.

content of the recorded signals, because of the presence of missing data in the series we employed the Lomb method to
estimate the power spectral density [29]. Fig. 3 shows the Lomb spectra of the six signals: especially Hualing and Nanau are
characterized by the presence of an intense daily cycle; also higher harmonics are visible, but less intense than the daily
periodicity. Considering the high anthropization level of the monitored areas, the most reasonable source of the observed
daily cyclicity has to be searched in the strong presence of cultural EM noise.
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Fig. 3. Lomb spectra of the recorded signals shown in Fig. 2.
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3. Method

The Fisher Information Measure (FIM) and the Shannon entropy are considered efficient methods for the investigation
of the complex time dynamics in nonstationary time series. The FIM quantifies the degree of organization or order of a time
series, while the Shannon entropy that of uncertainty or disorder [30]. The FIM was firstly proposed by Fisher [31] in the
framework of the theory of statistical estimation. But, afterward, it was used in many scientific fields and with different
aims, like the description of the evolution laws of physical systems [32], the characterization of the temporal fluctuations
in electroencephalographic signals and detection of significant dynamical changes [33]. Several complex geophysical and
environmental phenomena were studied using the FIM and the Shannon entropy to get information about the mechanisms
governing their time dynamics and detect precursory features of critical phenomena [34-37]. Recently Telesca et al. [38,39]
have employed the FIM to discriminate between tsunamigenic and non-tsunamigenic earthquake seismograms.

Let f (x) be the probability density of a signal x, then its FIM I is given by

> /9 2 dx
= (af “‘)) o M

and its Shannon entropy is defined as [30]:

+oo
Hy=— [ f@o logf (x) dx. (2)
—0o0
For continuous distributions the Shannon entropy can take any real positive and negative value. In order to avoid the dif-
ficulty arising with negative information measures, the so-called Shannon power entropy Nx can be used instead of the
Shannon entropy:

N—]
X7 e

The calculation of the FIM and the Shannon entropy depends on the calculation of the probability density function f (x)
(pdf). The pdf can be estimated by means of the kernel density estimator technique [40,41] that approximates the density
function as

o 1 4 X — X;
fM(x>=Mb;1<( : ) (4)

with b the bandwidth, M the number of data and K (u) the kernel function, a continuous non-negative and symmetric func-
tion satisfying the two following conditions

e?fix (3)

+00
K(u) >0 and / K(u)du = 1. (5)
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In our study, we estimated the pdf f (x) by means of the algorithm developed in Ref. [42] combined with that developed in
[43], that uses a Gaussian kernel with zero mean and unit variance:
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4. Results and discussion

We calculated the FIM and the Shannon entropy power for the geoelectrical signals measured at the three stations of
Kuoling, Hualing and Nanau. The results show that Nanau data are characterized by higher FIM and lower Shannon entropy
power, while Kuoling data by higher Shannon entropy power and lower FIM (Figs. 4 and 5). This indicates that the structure
of the time variation of Nanau data is more organized and ordered than that of Kuoling data. Hualing data are characterized
by organization and order degree intermediate between those of the other two geoelectrical series. The Fisher-Shannon
information plane, shown in Fig. 6, makes more evident the pattern given by the six datasets (three in NS and three in EW
directions): a striking decreasing trend is visible between FIM and Ny among the three stations, where Nanau occupies the
top left part of the plane and Kuoling the right bottom part.

A comparison with the data of differential strain intensity (DSI) [5] suggests a rather good correlation with the Fisher—
Shannon results (Figs. 7 and 8): Kuoling station is located in a site with DSI = 1.309- 10~/ /year, Hualing station in a site with
DSI = 2.610 - 1077 /year and Nanau with DSI = 4.646 - 1077 /year. Merging the FS results with the DSI data, it is observed
that the Shannon entropy power decreases with the increase of DSI, while the FIM increases.

In order to check if the obtained results could depend on the presence of the daily cycle, we filtered the data with a low-
pass filter with frequency cutoff at 1/(2 days), thus retaining only the low frequency part of the data and filtering out the daily
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Fig. 7. Relationship between the Shannon entropy power for the signals shown in Fig. 2 and the DSI.
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Fig. 8. Relationship between the FIM of the signals shown in Fig. 2 and the DSI.

cycle and its higher harmonics. The normalized (after subtracting the mean and dividing for the standard deviation) residual
signals are shown in Fig. 9. We applied the FS method to such residual signals and the results are shown in Figs. 10-14. It can
be observed that the Shannon entropy power (Fig. 10) and FIM (Fig. 11) are still the lowest and the highest, respectively, for
Nanau, which occupies the left upper part of the FS plane (Fig. 12), similarly to the original not filtered data. Therefore, the
FS pattern evidences a decreasing trend similarly to that shown by the original data. Even the relationship between the Ny
(FIM) and the DSI preserves the same behavior as obtained for the original data (Figs. 13 and 14). All these features indicate
that the FS results depend mainly on the low-frequency content of the signals and are robust against the presence of daily
periodicities, even very intense.

We see that there is a significant difference in the FIM and Ny values between the NS and WE components at Hualing
station; this difference could be due to the different nature of the data recorded along the NS and WE directions. As we can
see in Fig. 3, the Lomb spectrum of the WE component in Hualing, particularly for the periods longer than 2 days, is largely
different from that one of the NS component while the spectra along two directions show much more similarity in both
Nanau and Kuoling stations. This is also evident that we have larger deviation in the Nx values of the NS and WE compo-
nents to the low-passed data as shown in Fig. 12. Therefore, it is not surprising that the FIM and Ny values for EW and NS
are close to Nanau and Kuoling stations.

It is striking the nice relationship between the informational quantities calculated for the signals and the differential
strain intensity (DSI). The DSI is defined as the absolute difference between the two eigenvalues of the horizontal strain
tensor [5], and is calculated from the GPS data; thus, in a certain sense, it represents a quantitative measure of “deformation
intensity”. Mechanically speaking, a higher DSI indicates a stronger tendency that crustal deformation occurs mainly along
some preferred direction, thus very likely builds up some kind of orientation-preferred structures in the crust. Rocks sub-
ject to high differential stress are usually deformed and a mineral-preferred orientation could then develop by one of the
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Fig. 9. Normalized residuals after filtering the data with a low-pass filter with frequency cutoff at 1/(2days).

processes like recrystallization, solution transfer, mechanical rotation and so on. On the other side, it could be argued that
a lower DSl indicates that the crustal deformation occurs in both directions with rather similar intensity, and one direction
is not “dominant” on the other. Note that the dynamics of the time variation in the geoelectrical data at the Nanau station,
with a relatively higher DSI, is more organized and ordered (higher FIM and lower Ny ) than that of data measures at Kuoling
site that is characterized by a relatively lower DSI. Therefore, possibly, such kind of orientation-preferred structures in a
systematic way organize and order the geoelectrical data, as indicated by the higher FIM and lower Shannon entropy power
at the Nanau station.
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5. Conclusions

Our investigation of the influence of long-term deformation processes on geoelectrical signals shows a clear correlation
between their information properties and the differential deformation intensity along the Taiwan orogeny. Previously,
piezoelectric and electrokinetic phenomena have been invoked for the purpose of explaining the generation of precursory
and co-seismic geoelectrical signals (e.g. Ref. [44]). Also piezoelectric models combined with the dislocation theory of a fault
model [47], and electrokinetic models taking into account finite fault planar models [46] were considered.

The signals generated by such processes however, correspond to much shorter time scales than the time scale repre-
sented by the low frequency content of the signals we have studied. In this sense our results cannot be explained by a
simple piezoelectric effect prior to rock failure, but rather imply that another physical process may connect the buildup of
differential strain with geoelectrical signal generation in areas of intense deformation like Taiwan. This suggestion is also
supported by laboratory experiments involving the progressive deformation of quartz-free rocks that revealed the genera-
tion of Pressure Stimulated Currents (PSC) [27]. A larger amplitude of PSC was linearly related to a higher stress rate as long
as the rock deformed elastically, while this relationship became non-linear once the deformation moves in the plastic field
prior to brittle failure.

Although our results are still preliminary, our findings can be considered pioneering in the context of the studies devoted
to the long-term deformation processes, since no study has been performed in the investigation between geoelectrical sig-
nals and long-term crustal deformation phenomena so far. Therefore, further studies of the properties of geoelectrical signals
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in Taiwan and different areas would be needed in order to develop a complete physical model that can explain the relation-
ship between the deformation intensity and more ordered structure of geoelectrical signals. The use of the statistical method
of Fisher-Shannon surely represents a way to contribute to disclose such connection.
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